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ABSTRACT

To maintain the quality of receiving water bodies, it is desirable to remove total
phosphorus (TP) in stormwater runoff. Many media filtration technologies have been
developed to achieve TP and soluble reactive phosphorus (SRP) removal. Efficient media
adsorption is essential to insure control of stormwater phosphorus inputs to the receiving
water body. This project develops and analyzes a functionalized Biosorption Media
(BAM) to remove phosphorus species from stormwater runoff. One goal of this project is
to find the BAM values for coefficients such as maximum adsorption capacity (QM:
4.35E-05) for the media through SRP isotherm equilibrium experiments using the

Langmuir and Freundlich models. In addition, an upflow column experiment was also
performed to study BAM nutrient removal from stormwater runoff. Finally, the
information from the isotherm and the column experiments are used to estimate the life
expectancy or quantity required of the media, and to define the effectiveness of BAM in
phosphorus removal. The result of this study shows that BAM is a feasible stormwater
treatment that can remove 60% SRP and >40% TP at temperature between 21-23 °C.
The media is adequately modeled by both the Langmuir and the Freundlich models over
the concentration range of interest in stormwater.
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CHAPTER ONE: INTRODUCTION
Natural watersheds are a complete system that typically can purify itself if
nutrient inputs are maintained at low levels. This purification capacity has limitations,
however, that are often exceeded in watersheds with increased development. Nitrogen
and phosphorus species are limiting nutrients in fresh and estuary systems that stimulate
the growth of photosynthetic algae in the aquatic system. Microorganisms in the water
and sediments use the algae remains for food. Over growing result in harmful algal
bloom (HABs) that can cause harmful effects on aquatic life via oxygen depletion, and
reduction in transparency. The over growing of HABs is caused by nitrogen and
phosphorus species over-enrichment which is known as Eutrophication (Walsh, 2012).
The sources of excess nutrient loading from non-point sources are stormwater runoff (i.e.
runoff from highways, parking lots, sidewalks, and commercial-residential structures),
wet and dry air deposition, and erosion (Göbel et al., 2007; Hood et al., 2013; USEPA,
2014). Eutrophication and groundwater contamination from high nutrients potentially can
pose health risks. High exposure to nitrate can cause Methemoglobinemia (a fatal blood
syndrome that affects infants also known as blue-baby syndrome), spontaneous abortions,
and diabetes. In addition, water with excess levels of phosphorus can result in
osteoporosis and kidney or liver failure (Wanielista et al., 2008; Xuan et al., 2009). Thus,
The United States Environmental Protection Agency (USEPA) considered nitrate and
nitrite in the National Primary Drinking Water Regulations with a maximum contaminant
level (MCL) and maximum contaminant level goal (MCLG) of 10 mg/l as N and 1 mg/l
1

as N respectively (USEPA, 2013). To minimize the potential impact of stormwater runoff
pollutants on the watershed, implementation of stormwater Best Management Practices
(BMPs) has been encouraged but not required (Barrett, 2005; Shaw et al., 2001).
Several BMPs technologies were developed successfully to improve nutrient
contamination control using functionalized Biosorption Activated Media (BAM) as a way
to implement BMP's (Wanielista et al., 2008). The data presented in this study, intended
to evaluate the effectiveness and longevity of a functionalized sorption media as a part of
Bold&Gold™ media's in SRP removal using bench-scale upflow column and SRP
adsorption isotherms. Bold&Gold™ is a BAM composed mainly of green and recyclable
material. These engineered medias are commonly used for stormwater treatment.
Bold&Gold™ was developed by the stormwater academy at University of Central
Florida, Orlando, Florida (Wanielista et al., 2008).
In Florida, The Florida Department of Environmental Protection (FDEP) is
developing a Statewide Stormwater Treatment Rule. The new law will require all
stormwater treatment to provide at least an average annual loading reduction of TP and
TN by 85% or to the level that post-development average annual loading is equal to predevelopment average annual loading, as appropriate (FDEP, 2010)
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Objective
The objective of this study is to determine the sorption characteristics of a
specific BAM blend with respect to phosphorus removal. Sorption capacity and the
appropriateness of modeling the data via the Langmuir or the Freundlich isotherms will
be determined.
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CHAPTER TWO : LITERATURE REVIEW
Urban and Ultra-Urban Land Characteristics
When the land is developed, it is covered with artificial structures such as
highways, parking lots, sidewalks. These developments increase the imperviousness of
land. The definition of the area also changes from low to high impervious percentages to
follow rural, urban then ultra-urban areas in order, illustrated in Figure 1 (Shaw et al.,
2001). However, urban and ultra-urban land cause more concerns that rural land. With
high imperviousness, the artificial structures function as a barrier preventing rainwater
from infiltrating the soil naturally and recharging the ground water causing what is called
"stormwater runoff". Stormwater runoff carries many pollutants and ultimately transfers
them to both surface and surficial ground water causing additional loading of pollutants
and creating many environmental concerns (Brabec, 2002; Kuang, 2012). Figure 1 shows
the effect of imperviousness on stormwater runoff, evaporation, and shallow and deep
infiltration (Arnold et al., 1996). A land is considered urban if the imperviousness ranges
between 30% - 50% while the land is considered ultra-urban if the imperviousness
exceeds 50% (Arnold et al., 1996; Suntree-Technologies, 2014).
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Figure 1 Impervious effect on runoff and infiltration modified from (Arnold et al.,
1996)

Common Stormwater Pollutants
Before wastewater treatment and Stormwater Best Management Practices (BMPs)
had been developed, society believed “dilution is the solution to pollution.” Stormwater
was channeled to the closest sewers system or body of water without any further
treatment (USEPA, 2012). Stormwater is highly polluted especially in urban and ultraurban areas where there is a high population and development growth rate.
5

One source of pollutants is the stormwater runoff from highways, parking lots,
sidewalks, and commercial-residential structures. Most times stormwater runoff has
excessive levels of phosphorus and nitrogen species, heavy metals, polycyclic aromatic
hydrocarbons (PAH), mineral oil hydrocarbons (MOH) and readily soluble salts which
can cause serious water quality degradation (Göbel et al., 2007; Hood et al., 2013). The
national average concentration of total phosphorus (TP), soluble reactive phosphorus
(SRP), Ammonia (NH3), and nitrate+nitrite (NOx) according to the national stormwater
quality database (NSQD) records are 0.25 mg/l as P, 0.2 mg/l as P, 1.07 mg/l as N, and
0.28 mg/l as N respectively (Pitt et al., 2005).
Another source of contaminants and nutrients (N and P) is air deposition that can
be categories in two form, dry air deposition and wet air deposition. Wet deposition
occurs when dissolved compounds particles in the clouds contact the surface via
precipitation such as rain, snow or fog. In contrast, dry deposition take place when
particles fall to the surface without precipitation in a dry period (Burian et al., 2001;
USEPA, 2014). Both dry and wet deposition deposit significant amounts of nutrients and
heavy (Göbel et al., 2007). In fact, the total air deposition is responsible for an average of
20% of the Total Suspended Solids (TSS), 80% of the nitrogen species and the Total
Kjeldahl Nitrogen (TKN), and 40% of the heavy metal in stormwater runoff (Wu et al.,
1998).
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Erosion is also a source of pollution in stormwater. Erosion is a result of high
intensity storms for long duration. As a result of erosion, suspended soil transports the
pollutants such as pesticides and fertilizers via stormwater runoff. Eventually, the
pollutants end up in the groundwater or the surface water causing degradation of the
water quality (Tsihrintzis et al., 1997).
Excessive deposition of phosphorus and nitrogen, combined with P and N
transport due to erosion, can promote the growth of algal blooms. Algal blooms can cause
mortality in aquatic animals via neurotoxin production and human illness by
contaminated seafood consumption. Also, algal blooms may result in oxygen depletion of
the water column (Hallegraeff, 1993; Smith, 2003).
Eutrophication and ground water contamination caused by high nutrient level
pose many other health risks. Methemoglobinemia (blue-baby syndrome), for example, is
a fatal blood disorder affecting infants caused by high levels of nitrate. In addition, above
normal levels of ammonia cause moldy, earthy-tasting water. In addition, osteoposis and
kidney damage can be a result of high levels of phosphorus (Xuan et al., 2009).
Stormwater management systems are required for new land developments.
Stormwater ponds provide flood protection and improve water quality by removing
sediments, nutrients and heavy metals. In urban stormwater, heavy metal loading is
caused by highway runoff and atmospheric deposition. In addition, heavy metals in
stormwater can bio-concentrate when ingested by plants or aquatic organisms near the
7

bottom of the food chain which then accumulate in fish that may have a negative impact
on public health when those fish are consumed (Campbell, 1994).

Stormwater Best Management Practices (BMPs)
As scientists continue to recognize correlations between stormwater and
environmental degradation, implementation of BMPs becomes more beneficial to
minimize the potential impact of stormwater runoff pollutants on the watershed (Barrett,
2005; Shaw et al., 2001).
Since the 1930s, The development of management practices to control and
minimize any negative impact to the watershed was a concern. The separation of point
and non-point sources of contamination and the use of BMPs for non-point pollution such
as stormwater runoff was a result of the Federal Water Pollution Control Amendments of
1972 (Ice, 2004). Many BMPs were developed to improve stormwater contamination
control.
One of these BMPs is Swales. Swales are a designed storm water treatment and
control technology used for nutrients, heavy metals and total solids removal. Swales are
sloped sides, long, and usually filled with vegetation, for soil stabilization and pollutant
removal. To reduce pollutants, swales function by two principles: physical filtration and
infiltration (Wanielista et al., 1992). Swales are used for low-moderate pollution control
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with life expectancy exceeding 20 years. The initial and maintenance costs are minimal
for swales comparing with other storm water BMPs that can achieve similar results
(Tsihrintzis et al., 1997).
In 1996, a 2000 foot designed swale was installed to protect Willamette River
(Portland, Oregon) from stormwater runoff. The project resulted in 50% total suspended
solid (TSS) reduction (France, 2002). During the same year, two swales in Virginia were
studied to yield a result of 40% TSS reduction and >33% total phosphorus (TP) removal.
The main specifications effecting the efficiency of the swales were : "swale length,
longitudinal slope, presence of check dams, cross sectional shape, vegetative density,
grass stiffness, soil infiltration rate, design flow depth, and design flow rate" (Winston et
al., 2011).
Infiltration Basins (also known as recharge basins) are another example of
stormwater BMPs. Infiltration Basins are a type of BMP used for stormwater runoff
management, flood protection, erosion protection, and water quality improvement. The
design of the infiltration basin is a shallow pond designed to infiltrate the stormwater into
the aquifer through permeable soil and a flat bottom (to allow infiltration distribution).
However, infiltration is less favorable when compared with other BMPs. One
problem with infiltration basins is clogging, but this can be minimized by vegetation. One
limitation is that infiltration basins are not applicable in regions with karst such as
limestone due to the potential of sink hole formation. Another limitation is that
9

infiltration basins are rarely used in ultra-urban areas due to the limited free surface area.
The United State Environmental Protection Agency USEPA also recommends the use of
pretreatment in urban areas with high contamination levels before the use of infiltration
basins (USEPA, 2014). In addition, when used in urban and ultra-urban environments,
infiltration basins can contribute to ground water contamination(O'Reilly et al., 2012b).
In contrast, some studies show that the development of functionalized BAM can
enhance nutrient removal compared with the native sandy soil by increasing soil
moisture, and adsorption-absorption capacity while maintaining sufficient infiltration
capacity (O'Reilly et al., 2012a). For example, a study used BAM in a full-scale
innovative stormwater infiltration basin and compared it with the normally used sandy
soil for phosphorus removal. The results indicated that after using BAM the moisture
increased by 25% increasing the denitrification potential. Also, an average increase of
80% and 12% removal of TP and PO43- respectively was observed after the use of BAM
(O'Reilly et al., 2012b).
In addition, many other BMPs are used for stormwater pollution control. These
BMPs are, but not limited to, retention/detention ponds (Yousef et al., 1986), green roofs
(Hardin et al., 2012), dry ponds (Hossain et al., 2010), wetlands (Xuan et al., 2009),
exfiltration trenches, upflow filter and skimmers, and pervious pavements (DeBusk et al.,
2011; Hardin et al., 2012; Li et al., 1999; Ryan et al., 2010; Wanielista et al., 2008).
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Nutrients Treatment Mechanisms in stormwater
Microbiological processes
There are two types of microbiological processes which can affect nitrogen in
stormwater treatment: nitrification, and denitrification. Nitrification is a two-step bioprocess that oxidizes ammonia to nitrite in the first step and oxidize nitrite to nitrate in
the second step. The process is carried out by aerobic autotrophic bacteria known as
nitrifying bacteria. The total oxidation reaction is as follows (Metcalf & Eddy, 2003):

NH 4  2O2  NO3  2H   H 2O
Denitrification results in the reaction of nitrate to nitrogen gas through a series of
reduction steps via nitric oxide and nitrous oxide. The bacteria responsible for
denitrification can be heterotrophic or autotrophic, although heterotrophic denitrification
is more prevalent. The reduction steps of nitrate to nitrogen gas are shown below
(Metcalf & Eddy, 2003).

NO3  NO2  NO  N2O  N2
Physicochemical processes
There are three types of physicochemical processes concerning stormwater
treatment, adsorption, absorption and ion exchange.
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Ion exchange (IX) is a process where ions from the solution are exchanged with
ion from a solid or an insoluble phase (Metcalf & Eddy, 2003). IX and adsorption are
similar because both occur on a solid surface. The difference between IX and adsorption,
however, is that IX require a two-way equivalent exchange between the phases while
adsorption has no such requirement (McBride, 1994). The ion exchanger can be of
natural origin or a synthetic material, all having a fixed charge functional group on the
surface with counterions (ions of an opposite charge) to maintain electro-neutrality in the
IX material (Crittenden et al., 2012a). Figure 2 illustrates the ion exchange between the
solution and the IX material.

Figure 2 Ion exchange (a) initial condition, (b) equilibrium condition (Crittenden et
al., 2012a)
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Absorption is the physical or chemical mass transfer of a solute from a bulk phase
to a homogeneous distribution throughout another bulk phase (Hossain et al., 2010).
Absorption is not to be confused with adsorption processes since adsorption only occurs
on the surface of the solid and not at the molecular level like absorption (Crittenden et al.,
2012a). Figure 3 describes the absorption mass transfer using the two-film theory.

Figure 3 Two-film theory (a) desorption, (b) absorption (Crittenden et al., 2012b)
Adsorption is a mass transfer system in which a targeted constituent from the gas,
liquid or solid phase is adhered to the surface of the other bulk-phase (Ruthven, 1984).
Adsorbate is the target constituent that will be transferred. Adsorbent is the bulk phase to
which the adsorbate is adsorbed (Clair et al., 2003). For the purpose of this research, only
the adsorption between the nutrient in the stormwater (i.e. phosphorus) as the adsorbate
and the adsorbent media as the adsorbent is considered.
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Adsorption for Nutrient Removal in Stormwater
Removal of nitrogen and phosphorus species by adsorption is a process that
involve mass transfer of the adsorbate molecule from the stormwater to the surface of the
adsorbent (Crittenden et al., 2012b). Figure 4 shows the adsorption process. The
constituent is adsorbed from the storm water to the liquid film between the bulk water
and the adsorbent. Then, the constituent is moved to the surface of the adsorbent by
chemical diffusion in the water in the pore space. Finally, the constituent is adsorbed to
the internal surface area of the pores of the adsorbent. The pores adsorption function by
adsorbent surface diffusion and/or molecular diffusion through the liquid (Metcalf &
Eddy, 2003).

Figure 4 Adsorption process from (Metcalf & Eddy, 2003)
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There are two types of adsorption, physical adsorption and chemical adsorption.
Physical adsorption, known also as physisorption is a non-specific binding mechanism
caused by weak binding forces. In physisorption, the process is reversible, and the
molecule can be adsorbed or desorbed. The adsorbed molecules are not attached to the
surface of the media but are free to relocate around the surface. However, the molecules
can desorbs as a result of low nutrient concentration in the water phase. Physisorption is
an exothermic reaction with an adsorption heat ranging between 4-40 kJ/mol, and the
molecules can be multi-layers thick.
On the other hand, chemical adsorption (chemisorption) is a specific chemical
binding mechanism that can be ionic or covalent. It is caused by much stronger forces
than the physical adsorption. Chemisorption is almost irreversible, monolayer, and
exothermic with an adsorption heat exceeds 200kJ/mol (Clair et al., 2003; Crittenden et
al., 2012a).
Both chemisorption and physisorption are easily differentiated under extreme
conditions but not so in some other cases. Table 1 list some key differences between both
types of adsorption (Crittenden et al., 2012a; Metcalf & Eddy, 2003). As showing in
Figure 5, usually, physical adsorption is dominant at low temperatures and chemical
adsorption at high temperatures, but at very high temperature both will decrease (Chiang
et al., 2001).

15

Table 1 Physical and chemical adsorption comparison (Crittenden et al., 2012a;
Metcalf & Eddy, 2003)

Parameter

Physical adsorption

Chemical adsorption

Use in water treatment

Most popular

Rarely used

Number of layers

Multi-layer

Mono-layer

Process speed

Limited by mass transfer

Variable

Reaction type

Reversible, Exothermic

Mostly irreversible,
Exothermic

Bonding type

Non-specific

Specific binding
mechanism

Adsorption heat

4-40 kJ/mol

>200kJ/mol

Figure 5 Adsorption capacity Vs. Temperature (Chiang et al., 2001)
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Adsorption Isotherms
Adsorption Isotherms describe the relation between the adsorbent (usually a solid)
and the adsorbate in equilibrium conditions to reach quantitative comparisons between
different adsorbents. Isotherms are also beneficial to describe the potential adsorbents
capacity, adsorption mechanisms, and surface properties. The adsorption isotherm curve
is used to investigate the mobility of pollutant (sorbate) from an aqueous-phase into
solid-phase at constant temperature using physiochemical parameters. Over the years,
many isotherm models were developed and can be categorized into three categories twoparameter, three-parameter, and multicomponent isotherms (Foo et al., 2010).

Two-parameter isotherms
The most common models of the two-parameter isotherms are the Langmuir
model and the Freundlich model.
The Langmuir isotherm was originally used to describe gas-solid adsorption when
the solid is activated carbon but also has been used to investigate other adsorbents
(Langmuir, 1918). The Langmuir models assume reversible chemical reactions between
the surface of the sorbent and the aqueous solution in equilibrium.
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Where Sv is the available sites on the sorbent, A is the target sorbate in solution,
and S*A is the bound adsorbate on the surface of the adsorbent. Another assumption is
that all adsorption sites have uniform free-energy, and are capable of associating with
only one molecule (Crittenden et al., 2012b).
The Freundlich Isotherm is the same as the Langmuir Isotherm in that the
adsorption phenomena is reversible. However, Freundlich assumes an un-ideal
distribution of adsorption (Freundlich, 1906). Early studies show that the relation
between sorbate and a fixed mass of sorbent (e.g. activated carbon) changes with the
change of the solution concentration (Ahmaruzzaman, 2008). Thus, this model is a better
isotherm fit for activated carbon than Langmuir (Crittenden et al., 2012a).
There are many other isotherm models developed that can be included in this
category such as Dubinin- Radushkevich model, Temkin model, Flory-Huggins model,
and Hill model (Brdar et al., 2012; Foo et al., 2010; Sariban et al., 1987; Tosun, 2012).
However, in this study only the Langmuir Isotherm and the Freundlich Isotherm will be
used.
Three-parameters isotherms
The Redlich-Paterson equation can integrate three parameters, and the equation is
derived from both Freundlich and Langmuir (Redlich et al., 1959; Vasanth Kumar et al.,
2010). The model depends on the adsorbent heterogeneity (g). The Redlich-Paterson
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equation follows Henry's law when g is zero and Langmuir when g is one. When g >1,
the model follows the Freundlich isotherm (Vasanth Kumar et al., 2010).
There are also other isotherm equations developed that can be categorized as threeparameters isotherm. Sips (Tosun, 2012), Toth (Brdar et al., 2012), Koble-Corrigan
(Koble et al., 1952), Khan (Khan et al., 1997) and Radke-Prausnitz (Radke et al., 1972)
are an example of other equations than can include three parameters.
Multi-component isotherms
Brunauer-Emmett-Teller (BET) (Brunauer et al., 1938) is an extension of the Langmuir
equation where several molecule layers can exist. The BET equation allows for layers
with a different thickness. In addition, the BET equation assumes that the site energy for
the first layer is constant throughout the layer and equivalent to the participation free
energy of the following layer (Crittenden et al., 2012a).
Frenkel-Halsey-Hill (FHH) (Hill, 1952) and MacMillan-Teller (MET) (McMillan et al.,
1951) are also considered to be multi-component isotherm equations.

Nitrogen and phosphorus removal from stormwater by sorption media
Sorption media is a single or a mix of materials used to treat stormwater runoff
via physicochemical and microbiological processes. The design of sorption media can be
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to treat a variety of constituents or functionalized to treat targeted pollutants such as
nutrients (Chang et al., 2010a). Over the years, various media mixtures have been
studied and used for nutrient removal. Some of medias used for nutrient removal are,
wollastonite, lime-rock, peat, sand, sulfur, alfalfa, leaf mulch compost, newspaper,
sawdust, wheat straw, wood chips, and zeolite (Hossain et al., 2010).
DeBusk et al. (1997) studied the removal of various stormwater contaminants
including total phosphorus (TP) using different types of medias. The materials used as
sorption were quartz sand, peat soil, crushed limestone, and wollastonite (calcium silicate
mineral). The results showed that wollastonite had the highest TP removal (88%) among
all medias. Sand, peat soil, and limestone were not as efficient in TP removal and
removed 40%, 44%, and 41% respectively (DeBusk et al., 1997).
Kim et al. (2003) conducted a column test for eight different types of media to
find the best solid for stormwater nitrate removal through denitrification. They found that
newspaper, wheat straw, wood chips, and alfalfa yielded a biological nitrate removal that
exceeds 98% followed by sawdust with about 95% removal. However, limestone, leaf
mulch, and sulfur were not as efficient and removed 60%, 55%, and 3% nitrate
respectively. According to the authors, all the medias were electron donors for
denitrification and a good carbon source for bio-growth, but newspaper was certainly the
best electron donor (Kim et al., 2003).
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Namasivayam et al. (2005) used oyster shell powder as an adsorbent for
phosphate under different conditions, agitation time and adsorbent dosage. The results
show that using raw oyster shell under no agitation had no effect on phosphate removal.
When the oyster shell powder was agitated, the removal increased with time. At low
adsorbent dose (1.2 g/50cm3), the phosphate removal increased for the first 15 minutes
and then stabilized at 45% removal, but at higher dose (25 g/50cm3), the removal
stabilized after 10 days at 80% (Namasivayam et al., 2005).
Sengupta et al. (2006) used mineral base medias such as oyster shell, marble chip,
and limestone to remove nitrate via autotrophic biological denitrification. The highest
removal of nitrate was registered for the crushed oyster shell. Nitrate removal for the
crushed oyster shell and limestone was 80% and 53% respectively (Sengupta et al.,
2006).
Hsieh et al. (2005) used sixteen bioretention columns with sixteen different mixes
of sand, soil, and mulch to evaluate their effectiveness on P and N removal from an urban
stormwater runoff. The research concluded that mulch removed nearly four times the
nitrate removed by sand. However, mulch showed poor TP removal at less than 4%.The
recommended design was using sand/soil mix with 4:1 ratio by mass. The overall
removal of TP was 25-70%, nitrate 6-9%, and ammonium 11-20%. The study concluded
that all the media used had poor nitrogen adsorption (Hsieh et al., 2005).
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Erickson et al. (2007) studied the effectiveness of C33 sand alone and enhanced
with chopped granular steel wool, three blast oxygen furnace by-products, limestone,
aluminum oxide, and calcareous sand in stormwater phosphorus removal. The study used
batch test and column test to evaluate the removal of dissolved phosphorus with different
enhancements with C33 sand. In the patch study, C33 with no enhancement removed
45% of the dissolved phosphorus in 24 hour. When C33 sand is mixed with 0.29% 0.31% steel wool (mix A), 50% - 10% limestone (mix B), or 50% - 10% calcareous sand
(mix C) the removal of dissolved phosphorus was 60% - 90% in 24 hour with a pH
between 9.8 and 10. Three blast oxygen furnace by-products removed almost all the
dissolved phosphorus but increased the pH to 11 exceeding the water quality standards.
The column study showed that C33 sand had only 2.1% dissolved phosphorus removal
efficiency. Mix B and C caused the column to clog while mix A had no problem with
clogging the column and removed about 99% of the dissolved phosphorus (Erickson et
al., 2007).
Wanielista et al. (2008) used a Black&Gold Pond Media™ in a chamber up-flow
filter and skimmer (CUFS) for stormwater pollution control. Figure 6 shows a schematic
of the CUFS. The media was a mixture of 45% expanded clay, 45% tire crumb, and 10%
sawdust. Both tire crumb and expanded clay were used to enhance phosphorus
adsorption. Sawdust, however, was used to remove nitrate via denitrification as an
electron donor under anoxic conditions. The result showed a reduction of TN, and TP by
33%, and 50% respectively (Wanielista et al., 2008). Ryan et al. (2010) also used the
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Black&Gold Pond Media™ for stormwater treatment in a CUFS to remove TP and TN.
The removal efficiency of TP and TN were 52% and 33% respectively (Ryan et al.,
2010).

Figure 6 A schematic of stormwater chamber up-flow filter and skimmer (CUFS)
from (Wanielista et al., 2008)

Chang et al. (2010b) used a green and recyclable media in a conventional fieldscale underground drain field. The mix was 68% fine sand, 25% tire crumb, and 7%
sawdust. The mix is one of the Bold & Gold™ medias developed by the University of

23

Central Florida. The sorption removal efficiency for the phosphorus forms was 81.8%,
79.1%, and 83.6% for TP, SRP, and organic-P respectively. 70.2% TN and 81.8%
ammonia removal was achieved in this study and was mainly via nitrificationdenitrification (Chang et al., 2010b).
Chang et al. (2011) used a two layer media mix in four small-scale up-flow
wetland systems, illustrated in Figure 7, for nutrient and pathogen (fecal coliform and E
coli) removal. The two mixes were the green media (G) and the pollution control media
(PC). The first layer was a two inch G media with 75% expanded clay, 10% vermiculite,
and 15% peat to support vegetation and provide a proper environment for bio-treatment.
The second layer was PC media with 50% citrus grove sand, 20% limestone, 15% tire
crumb, and 15% sawdust for nutrient and turbidity removal. The G and PC medias
overall removal efficiency of TN, ammonia, TP, and SRP was 65.8%, 71.5%, 94.4%, and
99.4% respectively (Chang et al., 2011).

Figure 7 Small-scale up-flow wetland from (Chang et al., 2011)
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O'Reilly et al. (2012b) studied the potential use of bio-sorption activated media
(BAM) containing 14.3% tire crumb, 27.2% silt + clay, and 58.5% sand to remove
nutrients from stormwater runoff in an innovative infiltration basin shown in Figure 8.
Tire crumb was used to improve sorption capacity while silt + clay was used to increase
moisture retention and sand was used to assist infiltration. The study concluded that the
highest total dissolved phosphorus (TDP) removal was 90%, but nitrate showed removal
less than that of TDP. The study concluded that using BAM phosphorus removal is
expected to be via physicochemical processes while nitrogen removal is by biological
processes (O'Reilly et al., 2012b).

Figure 8 Innovative infiltration basin with BAM integration (O'Reilly et al., 2012b)
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Hood et al. (2013) a researcher from the University of Central Florida looked into
using a mix of bio-sorption media (BAM) in a comparison with the more widely used
sandy-soil as a bio-infiltration system in bio-swales. The study showed 96% and 78%
lower effluent concentrations of total phosphorus (TP) and soluble reactive phosphorus
(SRP) using BAM compared to sandy-soil as a bio-infiltration system. The BAM mix had
an average removal efficiency of 95% SRP and 71% TP (Hood et al., 2013).
Bold&Gold™
Bold&Gold™ is a functionalized bio-sorption activated media (BAM) for
stormwater treatment. Bold&Gold™ was developed by the Stormwater Academy at the
University of Central Florida (Wanielista et al., 2008). For the purpose of this study, a
Bold&Gold™ media with 55% Fine expanded clay, 20% 3/8 expanded clay and 25% tire
crumb was used.
Both fine and 3/8 expanded clay can help plant growth and provide efficient
oxygen diffusion for biological nutrient removal (Xuan et al., 2009). For phosphorus,
expanded clay is used mainly as adsorbent and secondary as anion exchanger (Wanielista
et al., 2008) Expanded clay has a high content of silicates which provide an appropriate
anion exchanger with phosphate (Douglas et al., 2004). Depending on the origin of the
soil, expanded clays have a sorption capacity between 0.037 and 2.9 mg sorbate/g sorbent
(Xu et al., 2006).
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Tire crumb is used to increase the sorption capacity especially phosphorus
adsorption (O'Reilly et al., 2012b; Wanielista et al., 2008). Tire crumb has about 30%
carbon black by mass which behaves similarly to activated carbon (Hood et al., 2013).
Activated carbon is ideal for adsorption due to the large ratio of surface area to
mass ratio and proven to adsorb a wide range of pollutants (Crittenden et al., 2012a).
Adsorption of phosphorus to activated carbon is significant and desorption is minimal at
solution pH between 4-10. Figure 9 show the effect of pH on phosphate removal and
desorption at an activated carbon dose of 300mg/50mL (Namasivayam et al., 2004).
Rashid (2012) compared oven-dried alum sludge to activated carbon for phosphorus
removal in a breakthrough column experiment. The result show that activated carbon had
a higher removal of phosphorus than the oven-dried alum sludge. The activated carbon
removed >85% phosphorus at average pH of 7.2 (Rashid, 2012).
In stormwater runoff, the average national pH value is 7.2-7.5 according to the
NSQD report (Pitt et al., 2005). Thus, activated carbon is a good phosphorus adsorption
media in stormwater treatment.
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Figure 9 (a) Effect of pH phosphate removal at 300 mg activated carbon dose per 50
ml solution, (b) Effect of pH phosphate desorption 300 mg activated carbon dose per
50 ml solution (Namasivayam et al., 2004)
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CHAPTER THREE: METHODS AND MATERIALS
Isotherm Batch Test
Constant Concentration of the Sorbate (2 and 12 hour experiments)
Some isotherms were conducted using a constant concentration of the sorbate
(phosphorus was the sorbate for all but a few tests which showed that ammonia and
nitrate did not sorbs significantly). The isotherm data was conducted using 500 ml
Erlenmeyer flasks. In each of these was 300 ml of combined unfiltered pond water and a
phosphorus spike. The spike volume was negligible since a 100 mg/l as PO42- (32.7
mg/L as P) standard solution was used and the typical concentration of an experiment
was around 1 mg/L as P. The standard solution was made using 0.1433g/L
monopotassium phosphate salt (KH2PO4). The media was “leached” by washing and
soaking overnight in distilled water and then dried for two days to get rid of any
phosphorus or nitrogen forms that might leach out during the isotherm experiments.
Next, different masses of the sorption media consisting of 55% fine expanded
clay, 20% 3/8 expanded clay and 25% tire crumb were put into each 500 ml Erlenmeyer
flask along with 300 ml of spiked, unfiltered, stormwater pond water. Typical media
amounts were 10, 50, and 100 grams of media (actual amounts varied from 1 to 200
grams but some amounts of media at the high and low end of the range did not yield good
data). The flasks were then covered with parafilm to minimize contamination or loss of
liquid and shook (on a shaker table) for either 2 or 12 hours at a constant temperature.
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The samples were collected, filtered with a 0.45 µm membrane filters, and analyzed
immediately using the Orbeco-Hellige™ (Sarasota, FL) low range method for phosphate
concentrations between 0.02 and 1.6 mg/L as P (equivalent to HACH method 8048).
Absorbance at 880 nm wavelength was measured in a HACH DR 5000
Spectrophotometer for soluble reactive phosphorus (SRP). In the early experiments
HACH methods 10023 and 8192 were used for NH3 and NOx respectively. pH and
Temperature were also measured.
Different Concentration of the Sorbate (24 hour experiments)
Other isotherms were conducted using a different concentration of the sorbate
(phosphorus was the sorbate). The isotherm data was conducted using fifteen 500 ml
Erlenmeyer flasks. In each of these was 300 ml of combined unfiltered pond water and a
phosphorus spike. The spike volume was negligible since a 100 mg/l as PO42- (32.7
mg/L as P) and a 1000 mg/l as PO42- (327 mg/L as P) standard solutions ware used and
the concentrations of the experiment ware 0.5, 1, 5, 10 and 20 mg/L as P. The 100 mg/l
as PO42- (32.7 mg/L as P) standard solution was made using 0.1433g/L monopotassium
phosphate salt (KH2PO4); while, the 1000 mg/l as PO42- (327 m/L as P) standard solution
was made using 1.433g/L monopotassium phosphate salt (KH2PO4). The sorption media
was “leached” by washing and soaking overnight in distilled water and then dried for two
days to get rid of any phosphorus or nitrogen forms that might leach out during the
isotherm experiments. Next, 50g of the sorption media consisting of 55% fine expanded

30

clay, 20% 3/8 expanded clay and 25% tire crumb were put into each 500 ml Erlenmeyer
flask along with 300 ml of spiked, unfiltered, stormwater pond water. The flasks were
then covered with parafilm to minimize contamination or loss of liquid and shook (on a
shaker table) for 24 hours at a constant temperature. The samples were collected, filtered
with a 0.45 µm membrane filters, and analyzed immediately using the Orbeco-Hellige™
(Sarasota, FL) low range method for phosphate concentrations between 0.02 and 1.6
mg/L as P (equivalent to HACH method 8048). Absorbance at 880 nm wavelength was
measured in a HACH DR 5000 spectrophotometer for soluble reactive phosphorus (SRP).
pH, temperature, and dissolved oxygen (DO) were also measured.
Table 2 Test Methods for Nutrient Concentrations

Chemical species

HACK
Method no.

Measuring range (mg∙L-1-P)

Ortho-Phosphorus

Method 8048

0.02 and 1.6 mg/L as p

Nitrate+ Nitrite (NOx) Method 8192

0.01 and 0.50 mg/L as N

Ammonia

0.02 and 2.50 mg/L as N

Method 10023

Analytical Procedures
Using the information described in Standard Methods for the Examination of
Water and Waste Water Nitrate+Nitrite (NOx), ammonia (NH3), soluble reactive
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phosphorus (SRP), temperature, pH and dissolved oxygen (DO) were measured
throughout the research. Each procedure is described below (Eaton et al., 2005).
Nitrate+ Nitrite (NOx)
For measuring Nitrate+ Nitrite, the unfiltered spiked water sample is filtered with
a Whatman™ Binder-Free Glass Microfiber Filters (PPR 47MM ) to remove turbidity
that can affect the result. Then NOX is measured immediately using the cadmium
reduction Orbeco-Hellige™ (Sarasota, FL) low range method for NOx concentrations
between 0.01 and 0.50 mg/L as N (equivalent to HACH method 8192). Absorbance at
507 nm wavelength is measured in a HACH DR 5000 Spectrophotometer for Nitrate+
Nitrite (NOx). In addition a five point standard carve is made. In early tests Nitrate and
Nitrite were measured separately and nitrite was found to be negligible.
The first step for the HACH method 8192 is transferring fifteen ml of the filtered
samples using a pipet to the graduated mixing cylinders. Next, the contents of one
NitraVer 6 Reagent Powder Pillow is added to the cylinders. Then, the cylinders are
capped, shaken for three minutes, and given an additional 2 minutes reaction time. Then,
ten ml of the 15 ml is transferred to a clean 10 ml Cuvette (HACH 2495402). Another
Cuvette (HACH 2495402) is filled with sample water to zero the machine. After that, the
contents of one NitriVer 3 Nitrite Reagent Powder Pillow is added to each sample cell
except the one with distilled water. Then, the Cuvettes are capped, shaken for 30 seconds,
and allowed 15 minutes reaction time. Then they are wiped and then the sorption
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readings are recorded (zeroed from the vial with the distilled water). Lastly, the
concentration was measured by plotting the adsorption on the standard curve. A reagent
blank (distilled water with NitraVer 6 and NitriVer 3) is prepared for each new lot of
reagents and standard curves and the standard curve absorption are calculated relative to
the reagent blank.
Ammonia
For measuring ammonia, the unfiltered spiked water sample was filtered with a
Whatman™ Binder-Free Glass Microfiber Filters (PPR 47MM ) to remove turbidity that
can affect the result. Then ammonia was measured immediately using the OrbecoHellige™ (Sarasota, FL) low range method for ammonia concentrations between 0.02
and 2.50 mg/L as N (equivalent to HACH method 10023). Absorbance at 655 nm
wavelength was measured in a HACH DR 5000 Spectrophotometer for ammonia. In
addition a five point standard carve was made.
The first step for the HACH method 10023 is transferring two ml of the samples
using a pipet to the AmVer™ Diluents Reagent Test ‘N Tubes (one was filled with
distilled water instead of the sample). Next, the contents of one ammonia Salicylate and
one ammonia cyanurate powder pillows are added to each vial. Then, the vials are
capped, shaken for 30 seconds, allowed 20 minutes reaction time, wiped and then the
sorption readings are noted (zeroed from the vial with the distilled water). Lastly, the
concentration is determined (mg/l as N) by plotting the sorption on the standard curve.
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Soluble Reactive Phosphorus (SRP)
For measuring soluble reactive phosphorus (SRP) , the unfiltered spiked water
sample is filtered with a Whatman™ Binder-Free Glass Microfiber Filters (PPR 47MM )
to remove turbidity that can interfere with the adsorption measurement; in addition, the
filtered sample is run through a 0.45 µm membrane filter be consistent with Standard
Methods (Eaton et al., 2005) and exclude any colloids passing the glass fiber filter. Then
Ortho-Phosphorus was measured immediately using the Orbeco-Hellige™ (Sarasota,
FL) low range method for phosphate concentrations between 0.02 and 1.6 mg/L as P
(equivalent to HACH method 8048). Absorbance at 880 nm wavelength is measured in a
HACH DR 5000 Spectrophotometer for Ortho-Phosphorus. In addition a five point
standard curve is made.
The first step for the HACH method 8048 is transferring five ml of the samples
using a pipet to the Reactive Phosphorus Test ‘N Tube Dilution Vials (one is filled with
distilled water instead of the sample). Second, all the vials are capped, shaken, and
wiped. Then the sorption readings are taken (zeroed from the vial with the distilled
water). Third, the contents of one PhosVer 3 Phosphate Powder Pillow is added to each
vials. Then, the vial are capped, shaken for 30 seconds, set for two minutes, wiped and
the sorption readings are taken again. The relevant sorption is the first sorption (before
the powder pillow) subtracted from the second reading (after the powder pillow). Lastly,
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the absorbance is converted to concentration (mg/l as P) using the standard curve. The
reagent blank is accounted for in the standard curve.
pH and Temperature (T°)
pH and temperature were obtained by using the Fisher Scientific (Waltham, MA)
accumet dual Channel AR50 meter, an 80 ml beaker, Fisher Scientific stirring hotplate
and 4, 7, and 10 pH buffering solutions. The meter was calibrated using the buffering
solutions. Then, the sample was transferred to the small 80 ml beaker and positioned on
the stirrer. Next, the probe on the meter was submerged into the sample and the
temperature and the pH readings were taken once the values had stabilized.
Dissolved Oxygen (DO)
DO concentration were measured using Dissolve Oxygen Meter YSI Model 58
(Yellow Springs, OH) with a YSI 5905 (Yellow Springs, OH) probe and a 80 ml beaker.
First, the meter was air calibrated. The saturation value was calculated using the probe
reading of the temperature (no atmospheric pressure correction was required since UCF is
near sea level). Following calibration, the probe was submerged into the stirred sample
inside the 80 ml. Finally, the measurement was taken after the reading stabilized.
Bench-Scale upflow Column Test
The BAM column test is conducted in the Stormwater Lab of University of
Central Florida in Orlando, Florida. The schematic of the columns construction is
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presented in. Figure 10 the columns are built using two PVC pipes each with a 4 inch
inner diameter and 24 inch height. Both columns are filled with 24 inches of media which
gives an approximate total volume of 300 inch3. Each column is then exposed to three
two hour and one 24 hour storm events a week for about seven months in an upflow
configuration using water from a stormwater pond which was spiked with ammonia,
nitrite, nitrate, and soluble ortho-phosphorus. All influent and effluent samples ware
preserved and sent to the certified Environmental Research & Design lab (ERD) for
analysis. ERD is certified by the National Environmental Laboratory Accreditation
Conference (NELAC). Table 3 summarizes the methods used in measuring SRP and TP.

Figure 10 Schematic diagram of the column setup
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Table 3 Testing methods used by ERD
Parameter

Test Method
EPA 365.1

SRP
SM 21 4500-P F
EPA 3565.1
TP
SM 4500-P F &SM 4500-P FB.5
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CHAPTER FOUR: RESULTS AND DISCUSSION

Abstract
To maintain the quality of receiving water bodies, it is desirable to remove total
phosphorus (TP) in stormwater runoff. Many media filtration technologies have been
developed to achieve TP and soluble reactive phosphorus (SRP) removal. Efficient media
adsorption is essential to insure control of stormwater phosphorus inputs to receiving
water body. This project develops and analyzes a functionalized Biosorption Media
(BAM) to remove phosphorus species from stormwater runoff. One goal of this project is
to find the BAM values for coefficients such as maximum adsorption capacity (QM:
4.35E-05) for the media through SRP isotherm equilibrium experiments using the

Langmuir and Freundlich models. In addition, an upflow column experiment was also
performed to study BAM nutrient removal from stormwater runoff. Finally, the
information from the isotherm and the column experiments are used to estimate quantity
required of the media for representative application, and to define the effectiveness of
BAM in phosphorus removal. The result of this study shows that BAM is a feasible
stormwater treatment that can remove 60% SRP and >40% TP. The media is adequately
modeled by both the Langmuir and the Freundlich models over the concentration range
of interest in stormwater.
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Introduction
Natural watersheds are a complete system that typically can purify itself if
nutrient inputs are maintained at low levels. This purification capacity has limitations,
however, that are often exceeded in watersheds with increased development. Nitrogen
and phosphorus species are limiting nutrients in fresh and estuary systems that stimulate
the growth of photosynthetic algae in the aquatic system. Microorganisms in the water
and sediments use the algae remains for food. Over growing result in harmful algal
bloom (HABs) that can cause harmful effects on aquatic life via oxygen depletion, and
reduction in transparency. The over growing of HABs is caused by nitrogen and
phosphorus species over-enrichment which is known as Eutrophication (Walsh, 2012).
The sources of excess nutrient loading from non-point sources are stormwater runoff (i.e.
runoff from highways, parking lots, sidewalks, and commercial-residential structures),
wet and dry air deposition, and erosion (Göbel et al., 2007; Hood et al., 2013; USEPA,
2014). Eutrophication and groundwater contamination from high nutrients potentially can
pose health risks. High exposure to nitrate can cause Methemoglobinemia (a fatal blood
syndrome that affects infants also known as blue-baby syndrome), spontaneous abortions,
and diabetes. In addition, water with excess levels of phosphorus can result in
osteoporosis and kidney or liver failure (Wanielista et al., 2008; Xuan et al., 2009). Thus,
The United State Environmental Protection Agency (USEPA) considered nitrate and
nitrite in The National Primary Drinking Water Regulations with a maximum
contaminant level (MCL) and maximum contaminant level goal (MCLG) of 10 mg/l as N
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and 1 mg/l as N respectively (USEPA, 2013). To minimize the potential impact of
stormwater runoff pollutants on the watershed, implementation of stormwater Best
Management Practices (BMPs) has been encouraged but not required (Barrett, 2005;
Shaw et al., 2001).
Several BMPs technologies were developed successfully to improve nutrient
contamination control using functionalized Biosorption Activated Media (BAM) as a way
to implement BMP's (Wanielista et al., 2008). The data presented in this study, intended
to evaluate the effectiveness and longevity of a functionalized sorption media as a part of
Bold&Gold™ media's in SRP removal using bench-scale upflow column and SRP
adsorption isotherms. Bold&Gold™ is a BAM composed mainly of green and recyclable
material. These engineered medias are commonly used for stormwater treatment.
Bold&Gold™ was developed by the stormwater academy at University of Central
Florida, Orlando, Florida (Wanielista et al., 2008).
In Florida, The Florida Department of Environmental Protection (FDEP) is
developing a Statewide Stormwater Treatment Rule. The new law will require all
stormwater treatment to provide at least an average annual loading reduction of TP and
TN by 85% or to the level that post-development average annual loading is equal to predevelopment average annual loading, as appropriate (FDEP, 2010)
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The objective of this study is to determine the sorption characteristics of a
specific BAM blend with respect to phosphorus removal. Sorption capacity and the
appropriateness of modeling the data via the Langmuir or the Freundlich isotherms will
be determined.
Material and Methods
Sorption Media Evaluated
For the purpose of this study, a Bold&Gold™ media composed of 55% fine
expanded clay, 20% 3/8 expanded clay and 25% tire crumb was used. Both fine and 3/8
expanded clay can help plant growth and provide efficient oxygen diffusion for biological
nutrient removal (Xuan et al., 2009). For phosphorus, expanded clay is used as adsorbent
and anion exchanger (Wanielista et al., 2008) Expanded clay has a high content of
silicates which provide an appropriate anion exchanger with phosphate (Douglas et al.,
2004). Depending on the origin of the soil, expanded clays have a sorption capacity
between 0.037 and 2.9 mg sorbate/g sorbent (Xu et al., 2006).
Tire crumb is used to increase the sorption capacity especially phosphorus
adsorption (O'Reilly et al., 2012b; Wanielista et al., 2008). Tire crumb has about 30%
carbon black by mass which behaves similar to activated carbon (Hood et al., 2013).
Activated carbon is ideal for adsorption due to the large ratio of surface area to mass ratio
and proven to adsorb a wide range of pollutants (Crittenden et al., 2012a). Adsorption of
phosphorus to activated carbon is significant at solution pH between 4-10. In stormwater
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runoff, the average national pH value is 7.2-7.5 according to the NSQD report (Pitt et al.,
2005). Thus, Activated carbon is a good phosphorus adsorption media in stormwater
treatment.
SRP Adsorption Isotherms
Isotherms are conducted using either a constant concentration of the sorbate and a
fixed quantity of media (e.g. in this study the initial 2 hour and 12 hour equilibration
isotherms), or a fixed amount of media (50 grams) and a varying concentration of the
sorbate (e.g. in this study the more definitive 24 hour equilibration isotherms).
Phosphorus is the sorbate for all but a few tests which show that ammonia and nitrate did
not sorb significantly relative to the biological N transformations observed. The isotherm
data is conducted using 500 ml Erlenmeyer flasks. In each of these 300 ml of combined
unfiltered stormwater pond water and a phosphorus spike are mixed. The spike volume
is negligible since a 100 mg/l as PO42- (32.7 mg/L as P) standard solution is used and the
typical concentration of an experiment is around 1 mg/L as P. The standard solution is
made using 0.1433 g/L monopotassium phosphate salt (KH2PO4). The media is “leached”
by soaking overnight in distilled water and then dried in a 105°C oven overnight to get
rid of any phosphorus or nitrogen forms that might leach out during the isotherm
experiments. Next, for the 2 hour and 12 hour experiments, different masses of media are
put into each 500 ml flask along with 300 ml of spiked, unfiltered, pond water. Typical
media amounts are 10, 50, and 100 grams of media (actual amounts vary from 1 to 200
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grams, but some amounts of media at the high and low end of the range do not yield
reliable data).
In the 24 hour experiments, 50 grams of media are used in all flasks and P
concentrations are 0.5, 1, 5, 10, and 20 mg/l as P. The spike volume is negligible since a
100 mg/l as PO42- (32.7 mg/L as P) standard solution is used for 0.5 and 1 mg/l as P and
a 1000 mg/l as PO42- (327 mg/L as P) standard solution is used for 5, 10, and 20 mg/l as
P. The flasks are then covered with parafilm, to minimize contamination or loss of liquid,
and shook (on a shaker table) for either 2, 12, or 24 hours at a constant temperature. The
samples are collected, filtered with 0.45 µm membrane filters and analyzed immediately
using the Orbeco-Hellige™ (Sarasota, FL) low range method for phosphate
concentrations between 0.02 and 1.6 mg/L as P (equivalent to HACH method 8048).
Concentrations that exceed 1.6 mg/l as P are diluted. Absorbance at 880 nm wavelength
is measured in a HACH DR 5000 Spectrophotometer (Loveland, CO) for soluble reactive
phosphorus (SRP). HACH methods 10023 and 8192 are used for NH3 and NOx
respectively. pH and Temperature are also measured.
To confirm that 24 hours is sufficient to reach equilibrium, a time series test was
conducted using constant amount of adsorbent (50g) and adsorbate (1mg/l as P). The last
two consecutive measurement were consistent, <5% difference, over six hour interval
(18hr-24hr), implying that 24 hours was sufficient to reach equilibrium.
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Isotherm Modeling
The isotherm data in this paper was analyzed using two models: the Langmuir and
the Freundlich isotherms. The constants from both models were then calculated using
linear plotting and non-linear regression.
.

The Langmuir isotherm was originally used to describe gas-solid adsorption when

the solid is activated carbon but has also been used to investigate aqueous solutions and
other bio-sorbents (Langmuir, 1918). The Langmuir models assume reversible chemical
reaction between the surface of the sorbent and the aqueous solution in equilibrium. Both
the non-linear and the linear forms of the Langmuir model are expressed as following
(Crittenden et al., 2012a):

(1)

And the linearized equation:

(2)

Where qA (i.e. x/m) is the equilibrium adsorbent-phase concentration of
adsorbate, mg adsorbate/mg adsorbent. CA is the equilibrium concentration of adsorbent
in a solution, mg/l. bA (i.e. Kads) is the Langmuir adsorption or affinity constant of the
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adsorbent for the adsorbate, with units typically being L/mg. QM is the adsorption
capacity, i.e. the concentration of adsorbate when surface sites are saturated with
adsorbate, with units of mg adsorbate/mg adsorbent. The Langmuir equation can also be
expressed in a dimensionless constant known as the equilibrium parameter (RL.1). The
equilibrium parameter is used in batch experiments to predict if sorption is a favorable
process or not, and can be described as the following (Ma et al., 2011):

(3)

Where Ci is the maximum initial solute concentration in mg/L. The Value of RL.1
can be 0, 0< RL.1>1, 1, or >1 which imply that the adsorption isotherm is irreversible,
favorable, linear, or unfavorable respectively.
The Freundlich isotherm agrees with the Langmuir that the adsorption phenomena
is reversible. However, The Freundlich assumes un-ideal distribution of adsorption
(Freundlich, 1906). Early studies show that the relation between sorbate and a fixed mass
of sorbent changes with the change of the solution concentration, proving that each site
has different energy for sorbents such as activated carbon (Ahmaruzzaman, 2008).a
similar relation was observed with the Langmuir model at very low concentrations. Thus,
this model is typically a better isotherm fit for activated carbon than the Langmuir
(Crittenden et al., 2012a). The equation used is shown below (Crittenden et al., 2012a)
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(4)

And the linearized equation is:

)

(5)

Where Ka is the Freundlich adsorption capacity parameter, (mg/mg) and 1/n is the
Freundlich adsorption intensity parameter, which is unitless.
upflow Column Test

The BAM column test is conducted in the Stormwater Lab of University of
Central Florida in Orlando, Florida. The schematic of the columns construction is
presented in Figure 11. The columns are built using two PVC pipes each with a 4 inch
inner diameter and 24 inch height. Both columns are filled with 24 inches of media which
gives an approximate total volume of 300 in3. Each column is then exposed to three two
hour and one 24 hour storm events a week for about seven months in an upflow
configuration using water from a stormwater pond which was spiked with ammonia,
nitrite, nitrate, and soluble ortho-phosphorus. All influent and effluent samples are
preserved and sent to the certified Environmental Research & Design lab (ERD) for
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analysis. ERD is certified by the National Environmental Laboratory Accreditation
Conference (NELAC). Table 4 summarizes the methods used in measuring SRP and TP.

Figure 11 The column setup
Table 4 ERD test methods
Parameter

Test Method
EPA 365.1

SRP
SM 21 4500-P F
TP

EPA 3565.1
SM 4500-P F &SM 4500-P FB.5
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Results and Discussion
pH and temperature are in a range of 7-8 and 21-23 °C respectively throughout the
experiments.
Isotherms
Isotherms of SRP adsorption on Bold&Gold™ media were modeled using the
Langmuir and the Freundlich isotherms using linear plotting and non-linear regression.
Initial isotherms are conducted using a 2 hour equilibration time, and then a 12 hour
equilibration time. It was found that 2 and 12 hour isotherms did not follow the
Freundlich isotherm and only the Langmuir model was used to describe the data. Figure
12 shows the 2 hour and 12 hour isotherm data. Table 5 shows the Langmuir isotherm
constants. The maximum amount of adsorbate (QM) is roughly 3 times higher for the 12
hour test indicating that equilibrium takes more than 2 hours to achieve.
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Figure 12 (a) The Langmuir graph for the 2 hour run, (b) The Langmuir graph for
the 12 hour run
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Table 5 The Langmuir isotherm parameters
2hr

12hr

Slope

1.00E+06

5.11E+05

Qm mg/mg

1.00E-06

1.96E-06

intercept

-5.19E+05

-5.68E+04

bA, L/mg

-1.926

-9.001

A time series experiment was conducted then to try and determine how long it
would take to reach equilibrium. The equilibrium test was conducted using a constant
amount of adsorbent (50g) and adsorbate (1 mg/l as P). The last two consecutive
measurements were constant, with <5% difference, over a six hour interval (18hr-24hr).
As a result, two 24 hours Isotherm experiments are run to obtain data at equilibrium. SRP
shows significant adsorption for the media at 24 hours. Figure 13 shows that there is
significantly more P adsorbed in the 24 hour runs then there are in the 2 and 12 hour runs,
and shows the consistent adsorption between 18 and 24 hours shaking time.
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Figure 13 Time series experiment

As can be seen in Table 6 and Figure 14 a and b, the Langmuir isotherm graphs
and the corresponding constants were consistent for two identical experiments. The
maximum amount of adsorbate (QM) for the 24-1 run was almost identical to that of the
24-2's with only a 6% difference. Also, the Langmuir adsorption constant of adsorbate
(bA) was similar for both runs with a 5 percent difference. The R2 values from the linear
regression indicate a proper fit for the data. The results of R2 with respect to the
Langmuir model are 0.934, and 0.895 for 24-1 and 24-2 respectively.
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Figure 14 (a) SRP the Langmuir Isotherm run 24 hr-1, (b) SRP the Langmuir
Isotherm run 24hr-2
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Table 6 the Langmuir isotherm linear equation parameters run 24-1 and 24-2
(24-1)
Langmuir

(24-2)
Langmuir

Average

slope

2.86E+04

2.69E+04

2.77E+04

Qm mg/mg

3.501E-05

3.720E-05

3.611E-05

intercept

7.34E+04

7.31E+04

7.32E+04

bA L/mg

0.389

0.368

0.378

Figure 15 and Table 7show the Freundlich isotherm graphs and the corresponding
constants for the two 24 hour isotherm experiments. The adsorption capacity parameter
(Ka) is almost the same for both runs with only a 10 percent difference. The R2 values
from the linear regression indicate a proper fit for the data. The results of R2 with respect
to the Freundlich model are 0.929, and 0.957 for 24-1 and 24-2 respectively.
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Figure 15 (a) SRP the Freundlich Isotherm run 24hr-1, (b) SRP the Freundlich
Isotherm run 24hr-2
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Table 7 The Freundlich isotherm equation parameters run 24-1 and 24-2
(24-1)
Freundlich

(24-2)
Freundlich

Average

slope 1/n

0.560

0.433

0.497

n

1.784

2.308

2.046

intercept

-5.103

-5.040

-5.072

Ka mg/mg

7.883E-06

9.114E-06

8.498E-06

In addition, non-linear regression was used generating different values for the
parameters in 24-1 and 24-2. The R2 values from the non-linear regression indicate a
proper fit for the data. The results of R2 with respect to the Langmuir model are 0.923,
and 0.970 for 24-1 and 24-2 respectively. The results of R2 with respect to the Freundlich
model are 0.916, and 0.993 for 24-1 and 24-2 respectively. Table 8 show Qm and bA
parameter estimation for both runs. Likewise, the Freundlich Ka and 1/n parameters
estimation are summarized in Table 9. Furthermore, the RL.1 was estimated for 24-1 to be
0.115 and for 24-2 to be 0.117. Both values of RL.1 fall between 0 and 1 confirming that
SRP isotherm with Bold&Gold media is a favorable adsorption process. Both models (the
Freundlich and the Langmuir) are suitable for both 24-hr runs (24-1 and 24-2).
However, the Langmuir model parameter values are closer to the same values for the 2
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tests compared to the Freundlich parameter values. This may imply that the Langmuir
model fits the data better than the Freundlich model, but both do an acceptable job.
Table 8 The Langmuir parameter estimation from the non-linear regression for 241 and 24-2

Table 9 The Freundlich parameter estimation from the non-linear regression for 241 and 24-2

In Figure 16 and Figure 17 the qA is shown versus the equilibrium concentration
of SRP. The curvilinear relationship is consistent with either the Langmuir or the
Freundlich models rather than linear adsorption. Data at higher equilibrium
concentrations would need to be obtained to determine whether qA would reach a
maximum value (the Langmuir model) or remain curvilinear (the Freundlich model).
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However this would be in a concentration range not representative of stormwater so no
such experiment was conducted. Either model works for the concentration range of
interest. Table 10 compares the average linear and non-linear results for Langmuir and
the Freundlich parameter.
Table 10 Comparison between linear and non-linear results for Langmuir and the
Freundlich parameter

Langmuir

Qm mg/mg
Avg.

bA L/mg

Freundlich

Ka mg/mg
Avg.

n

Linear

3.61E-05

0.378

Linear

8.50E-06

2.014

non-linear

4.35E-05

0.228

non-linear

9.08E-06

2.119

Figure 16, the values of qA and Ce were estimated using the linear and non-linear
regression constants obtained by the isotherm analysis and then plotted along with the
observed qA and Ce values for the Langmuir equation. In Figure 16 the parameters
obtained in the liner regression deviate from the non-linear regression values when the
equilibrium SRP concentration exceeds 8 mg/l as P. In Figure 17, when the same analysis
was performed using the Freundlich equation parameters the linear and non-linear
regression values were virtually identical.
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Figure 16 qA (mg/mg) versus equilibrium SRP concentration for the 24-hr tests and
the lines of linear and non-linear regression estimated values using the Langmuir
model

Figure 17 qA (mg/mg) versus equilibrium SRP concentration for the 24-hr tests and
the lines of linear and non-linear regression estimated values using the Freundlich
model
58

This isotherm study was conducted for stormwater treatment purposes, and a low
range SRP concentration (from 0.5 to 20 mg/l as P) was adapted to represent stormwater
runoff concentrations. Adsorption isotherm experiments can be more reliable when
sufficiently high SRP concentrations are tested compared to low concentrations. This can
be for two reasons. First, adsorption process usually cannot be distinguished from
precipitation process at low concentrations (from 0 to 50 mg/L). Precipitation can be
inferred at sufficiently high SRP concentration (Ma et al., 2011). Second, the Langmuir
and the Freundlich models behave similarly at low SRP concentrations. This cause
uncertainty when the model with the best fit for the data is to be chosen. Data at higher
equilibrium concentrations would be needed to determine whether qA would reach a
maximum value (the Langmuir model) or remain curvilinear (the Freundlich model).
Column test
Two duplicate columns were used to determine the removal efficiency of SRP and
TP using Bold&Gold™ media. However, the effect of cementation on the flow rate is
not addressed in this research. The columns were sampled for SRP, TP, pH, temperature
and dissolved oxygen (DO) for three-2 hour and one-24 hour simulated storm events per
week for seven months. pH and temperature were in a range of 7-8 and 21-23 °C
respectively throughout the experiments. Average DO in the influent was 5.4 mg/L and in
the effluent was 1.88 mg/L (low DO impact was out of the scope for this study). For SRP,
The average influent concentration was 0.183 mg/L as P and the average effluent
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concentration was 0.071 mg/L as P. The removal efficiency of SRP was 60%.
Bold&Gold™ media had less efficiency removing TP, at 44%. The average influent and
effluent TP concentration for both columns were 0.232 mg/L as P and 0.134 mg/L as P
respectively. From the column data, the highest qA (x/m) observed at the end of the study
was 8.84 X 10-5 mg/mg which already is significantly higher than the QM estimate
obtained by extrapolating the Langmuir isotherm (4.3x10-5 mg/mg from non-linear
regression). In addition, no sign of column breakthrough with respect to phosphorus was
observed even by running the column for about seven months which means 8.84 x 10-5
mg/mg simply sets a lower boundary for the maximum adsorption capacity. Moreover,
the observed removal efficiency from both the batch isotherm test at equilibrium and the
bench-scale upflow column were almost similar, 60% and 55% respectively.
Media Requirement For a Two Year Design Life
The isotherm data analyzed using the Langmuir isotherm indicates a QM of 3.6 x
10-5 to 5.1X 10-5 mg/mg. However, since the isotherm experiments were not conducted
for equilibrium phosphorus concentrations above 16.1 mg/L this estimate is based on an
extrapolation which assumes an almost perfect fit of the data with the Langmuir model.
The constants derived describe the data remarkably well for equilibrium concentrations
of 16.1 mg/L as P, but above that level it is only possible to extrapolate. The Freundlich
model does not incorporate an estimate of maximum sorption capacity and can yield no
information in this respect, and since it is based on the same data set it also depends on
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extrapolation above 16.1 mg/L as P. It is known that BAM is capable of more than 8.84
x 10-5 mg/mg (observed at the end of the columns test) of adsorption, but it is not known
from this study how much more. Previous design experience with BAM medias indicates
that 50.0 x 10-5 mg/mg (i.e. 0.5 mg/gram media) is a reasonable estimate of their sorption
capacity with respect to phosphorus (Martin P. Wanielista et al., 2014). For SRP,
observed P removals are on the order of 0.1 mg/L as P in the column study, and this also
fits well with prior experience in the field with BAM. If the stormwater BAM unit
receives about 6 acre-feet of runoff, and the goal is a lifespan of 2 years (i.e. a
replacement time of 2 years), then there would be 7.4 million liters of stormwater treated
in that time period, implying 740,000 (mg) of SRP to be removed. If the design sorption
capacity of 0.5 mg/gram media is accepted then 1,480 kg (3,263 lbs) of media are
needed, which at a density of 33 lbs/CF means 99 ft3 of media would be required for a 2
year period. Using the observed qA from the column study as though it were a maximum
(which it is not) this value would increase the media requirements to 559 ft3. The
corresponding hydraulic loads would be 3.70 ft3/ft3*day for a maximum P sorption of 0.5
mg/gram, and 0.654 ft3/ft3*day for 0.0884 mg/gram. However since breakthrough was
never observed a 2 year lifespan would require significantly less than 559 ft3 of media for
treatment of 6 acre-feet of runoff, and the amount might plausibly be expected to be
closer to 99 ft3 of media.
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Conclusions
The media studied removed 60% of the SRP and 44% of the TP. Adsorption for
the media was successfully modeled for the concentration range of interest (0.5 to 16
mg/l as P) by both the Langmuir and the Freundlich isotherms at 21-23 °C. Volume
requirements of media treating 6 acre-feet of stormwater runoff for a two year design life
with respect to phosphorus removal were shown to be lower than 559 ft3 of BAM and not
inconsistent with an estimated requirement of approximately 99 ft3.
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CHAPTER FIVE: CONCLUSIONS AND RECOMMENATIONS
The data presented in this study, evaluates a functionalized sorption media (BAM)
for phosphorus removal. The media were studied using bench-scale upflow column and
SRP adsorption isotherms. The media studied using columns removed 60% of the SRP
and 44% of the TP. Adsorption for the media was successfully modeled for the
concentration range of interest (0.5 to 16 mg/l as P) by both the Langmuir and the
Freundlich isotherms. Volume requirements of media treating 6 acre-feet of stormwater
runoff for a two year design life with respect to phosphorus removal were shown to be
lower than 559 ft3 of BAM and estimated to be approximately 99 ft3.
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APPENDIX A:
ISOTHERM DATA
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